Claudin-4, encoding a protein for tight junction formation and function, is highly overexpressed in pancreatic ductal adenocarcinoma and is also associated with invasive adenocarcinomas arising in intraductal papillary mucinous neoplasms of the pancreas. However, the expression pattern of claudin-4 during neoplastic progression of intraductal papillary mucinous neoplasms remains unknown. Using quantitative real-time reverse transcription-PCR, we analyzed claudin-4 mRNA in a panel of 14 pancreatic cancer cell lines and in formalin-fixed paraffinembedded tissues from 80 patients with intraductal papillary mucinous neoplasms of different histological grades and papillary subtypes. Increased expression of claudin-4 was confirmed in all the pancreatic cancer cell lines tested as compared with normal ductal epithelial cells and fibroblast cultures. The claudin-4 expression was significantly higher in high-grade intraductal papillary mucinous neoplasms (borderline neoplasm and carcinoma) than in low-grade intraductal papillary mucinous neoplasms (adenoma) (Po0.0001). In addition, claudin-4 mRNA levels were significantly higher in intestinal-type intraductal papillary mucinous neoplasms than in non-intestinaltype intraductal papillary mucinous neoplasms based on papillary subclassification (Po0.0001). Our findings suggest that claudin-4 expression is associated with neoplastic progression of intraductal papillary mucinous neoplasms and, especially, with a distinct pathway to intestinal differentiation.
Intraductal papillary mucinous neoplasms are multimodal entities with a wide spectrum of histopathological dysplasia. According to the criteria established by the World Health Organization (WHO), intraductal papillary mucinous neoplasms are classified into, adenoma defined as intraductal papillary mucinous neoplasm with slight or no dysplasia, borderline neoplasm as moderate dysplasia, carcinoma in situ (CIS) as severe dysplasia without invasion, and invasive carcinoma derived from intraductal papillary mucinous neoplasm. 1 Intraductal papillary mucinous neoplasms are considered to progress sequentially from adenoma to carcinoma in a stepwise fashion. 2 Compared with non-invasive intraductal papillary mucinous neoplasms, invasive carcinomas derived from intraductal papillary mucinous neoplasms have a poor prognosis. 3 Intraductal papillary mucinous neoplasms are also classified into several subtypes based on morphological features and immunohistochemical findings of mucin expression regardless of the histological grade, including gastric type, intestinal type, pancreatobiliary type, and oncocytic type. 4, 5 In general, most adenomas consist of gastrictype intraductal papillary mucinous neoplasms. However, intestinal-type intraductal papillary mucinous neoplasms tend to be found in high-grade intraductal papillary mucinous neoplasms of borderline neoplasm and carcinoma, notably colloid carcinoma. 2 According to the International Consensus Guidelines, 6 all main duct intraductal papillary mucinous neoplasms, including mixed type, and branch duct intraductal papillary mucinous neoplasms suspected of malignancy are candidates for surgery. Although some clinical and imaging features, including dilatation of the main pancreatic duct, the presence of intramural nodules, cyst size of more than 30 mm, and the presence of symptoms, have been shown to predict malignancy in intraductal papillary mucinous neoplasms, it is sometimes difficult to accurately diagnose the grade of malignancy of intraductal papillary mucinous neoplasms preoperatively by these predictors. Therefore, efforts are underway to identify novel markers, such as molecular biological markers, to preoperatively predict the grade and malignant potential of intraductal papillary mucinous neoplasms.
Genetic alterations in intraductal papillary mucinous neoplasms have been reported to involve K-ras mutation, 7, 8 and inactivation of several tumor-suppressor genes such as p53, p16, DPC4/Smad4 7,9,10 and STK11/LKB1.
11 In addition to these genetic events, aberrant CpG island hypermethylation is a frequent event in intraductal papillary mucinous neoplasms. 12, 13 More recently, a large-scale gene expression profiling using oligonucleotide microarrays identified a cluster of genes that were significantly overexpressed in intraductal papillary mucinous neoplasms.
14 Among the genes identified, claudin-4 (CLDN4), CXCR4, S100A4, and mesothelin were highly expressed in intraductal papillary mucinous neoplasms associated with an invasive carcinoma than in those without an invasive carcinoma. 14 CLDN4, encoding a transmembrane protein involved in tight junction formation and function, contributes to maintaining epithelial cell polarity and establishing the intercellular barrier. CLDN4 has been shown to be overexpressed in a variety of cancers, including ovarian carcinoma, 15 breast carcinoma, 16 prostate cancer, 17 and pancreatic ductal adenocarcinoma. [18] [19] [20] [21] [22] Importantly, CLDN4 has been reported as having an important role in the growth, invasion, and metastasis of pancreatic cancer. CLDN4 is also known to function as a high-affinity receptor for Clostridium perfringens enterotoxin (CPE) 23 and is, therefore, expected to be a therapeutic target.
18 CLDN4 expression was also found in a subset of intraductal papillary mucinous neoplasms, but its expression pattern during neoplastic progression of intraductal papillary mucinous neoplasms remains unknown.
The aim of the present study was to elucidate the expression pattern of CLDN4 mRNA in intraductal papillary mucinous neoplasms with different histological grades and papillary subtypes.
Materials and methods

Cultured Cells and Pancreatic Tissues as the Clinical Sample
In all, 14 pancreatic cancer cell lines, AsPC-1, BxPC-3, KP-1N, KP-2, KP-3, PANC-1, SUIT-2 (provided by Dr H Iguchi, National Shikoku Cancer Center, Matsuyama, Japan), NOR-P1, 24 CAPAN-1, CAPAN-2, CFPAC-1, H48N, HS766T and SW1990 (American Type Culture Collection, Manassas, VA, USA), 7 primary cultures of fibroblasts derived from 4 pancreatic ductal adenocarcinomas and 3 pancreatic normal tissues (established in our laboratory), and a human primary normal pancreatic epithelial cell line (Cell Systems, Kirkland, WA, USA) were used in the present study. Cells were maintained as described previously. 25 We used quantitative real-time reverse transcription-PCR (qRT-PCR) to determine CLDN4 mRNA in formalin-fixed paraffin-embedded tissues of intraductal papillary mucinous neoplasms. In all, 80 formalin-fixed paraffin-embedded tissue samples of intraductal papillary mucinous neoplasms and 8 formalin-fixed paraffin-embedded tissue samples of pancreatic ductal adenocarcinomas obtained from patients undergoing pancreatic resection at our department (Kyushu University Hospital, Fukuoka, Japan) from 1987 to 2008 were selected for the present study based on the availability of sufficient quantities of neoplastic cells. These intraductal papillary mucinous neoplasms were categorized as adenoma, borderline neoplasm, carcinoma in situ (CIS), and invasive carcinoma by the WHO histological classification. 1 For comparison, intraductal papillary mucinous neoplasms were simply divided into low-grade intraductal papillary mucinous neoplasms (adenoma) and high-grade intraductal papillary mucinous neoplasms (borderline neoplasm, CIS, and invasive carcinoma). Intraductal papillary mucinous neoplasms were also classified into four groups, including gastric, intestinal, pancreatobiliary and oncocytic types by the recently suggested subclassification system. 4 Intraductal papillary mucinous neoplasms that could not be categorized into any of the four subtypes were defined as unclassified type. The gastric type, pancreatobiliary type, oncocytic type, and unclassified type were categorized as the non-intestinal-type intraductal papillary mucinous neoplasm and compared with the intestinal-type intraductal papillary mucinous neoplasm. Furthermore, six pancreatic juice samples obtained by endoscopic retrograde pancreatography for preoperative cytology were also analyzed.
Written informed consent was obtained from all patients, and the study was approved by the surveillance committee of our institution and conducted according to the Helsinki declaration.
Macrodissection and RNA Extraction
Formalin-fixed paraffin-embedded tissue samples were cut into 10-mm thick sections and one of the sections was processed for 'temporary H and E stain' without the process of penetration and inclusion to identify the distribution of neoplastic and non-neoplastic cells. The number of slices required for RNA extraction varied among cases and was determined according to the estimated area of the neoplastic cells on H and E staining. Macrodissection was done using a small blade. By removing the non-neoplastic component as much as possible, only the neoplastic component was selectively isolated to obtain a high neoplastic cellularity. Total RNA was extracted from the isolated cells using the RNeasy Formalin-fixed paraffin-embedded Kit (Qiagen, Tokyo, Japan) according to kit instructions. In some cases, both epithelial and stromal tissue components were selectively isolated to investigate the difference of CLDN4 mRNA expression between these two components. The mirVana PARIS Kit (Ambion, Austin, USA) was used for the extraction of total RNA from pancreatic juice samples following the instruction manual. 0 -CCTCCAATGGATCCTCG TTA-3 0 (reverse). The quantitative range of threshold cycles observed was 20-35 cycles for CLDN4 primers and 10-30 cycles for 18S rRNA primers. PCR was repeated at least twice in all samples, and three times if the sample showed more than 10% deviation in RT-PCR values. The level of CLDN4 mRNA expression was calculated from a standard curve generated with total RNA from the SUIT-2 pancreatic cancer cell line. Expressions of CLDN4 mRNA were normalized to that of 18S rRNA. Results are presented as a box-andwhisker plot in formalin-fixed paraffin-embedded tissue samples, and as dots (individual levels) and a horizontal line (average level) in pancreatic juice samples.
Statistical Analysis
All statistical analyses were performed with JMP statistical software (version 6.0.3; SAS, Cary, NC, USA). As normal distributions were not obtained, data were analyzed by Wilcoxon rank-sum test. Statistical differences were considered significant when P-value was less than 0.05.
Results
Quantitative Analysis of CLDN4 mRNA Levels in 14 Pancreatic Cancer Cell Lines, 7 Primary Cultures of Pancreatic Fibroblasts, and a Human Primary Normal Pancreatic Epithelial Cell Line Previous studies have shown overexpression of CLDN4 mRNA in association with gene hypomethylation in pancreatic cancer cell lines. 20, 26 Using quantitative real time RT-PCR, we first determined the CLDN4 mRNA expression levels in a panel of 14 pancreatic cancer cell lines, a human primary normal pancreatic epithelial cell line, and 7 primary cultures of pancreatic fibroblasts. Increased expression of CLDN4 was found in all the pancreatic cancer cell lines tested as compared with the levels in a human primary normal pancreatic epithelial cell line and fibroblast cultures (Figure 1 ).
Patient Characteristics and Clinicopathological Features of Intraductal Papillary Mucinous Neoplasms
A total of 80 samples of intraductal papillary mucinous neoplasms were selected for macrodissection and CLDN4 mRNA expression analysis. These patients with intraductal papillary mucinous neoplasms consisted of 48 men and 32 women with a mean age of 67.5 years (range, 46-84 years). There were 21 main duct intraductal papillary mucinous neoplasms and 59 branch duct intraductal papillary mucinous neoplasms. They included 36 intraductal papillary mucinous adenomas, 19 intraductal papillary mucinous borderline neoplasms, 14 CISs, and 11 invasive carcinomas derived from intraductal papillary mucinous neoplasm. Papillary subclassification identified gastric type in 45 cases, intestinal type in 25, pancreatobiliary type in 5, oncocytic type in 1, and unclassified type in the remaining 4.
Quantitative Analysis of CLDN4 mRNA Expression in Intraductal Papillary Mucinous Neoplasms
Macrodissection was successfully done to obtain a high neoplastic cellularity of B90% (Figure 2) . We confirmed that non-neoplastic cells, including acinar, islet cells, and stromal fibroblasts showed lower levels of CLDN4 mRNA expression as compared with those of neoplastic cells by separately isolating the neoplastic and non-neoplastic components in the same samples (Supplementary Figure 1 and data  not shown) . Therefore, the effect of contamination of non-neoplastic cells on the expression level of CLDN4 in neoplastic cells can be negligible.
We were able to successfully PCR amplify all the 80 samples of intraductal papillary mucinous neoplasms. The expression level of CLDN4 mRNA was variable among the cases and seems higher along the progression of intraductal papillary mucinous neoplasms. When the relationship between the CLDN4 mRNA expression level and histological CLDN4 mRNA expression in intraductal papillary mucinous neoplasms K Tsutsumi et al grade was analyzed, the expression levels of CLDN4 mRNA in intraductal papillary mucinous borderline neoplasm, CIS, and invasive carcinoma derived from intraductal papillary mucinous neoplasm were significantly higher than that in intraductal papillary mucinous adenoma (Figure 3a , adenoma versus borderline neoplasm; P ¼ 0.0055, adenoma versus CIS; P ¼ 0.0065, adenoma versus invasive carcinoma; P ¼ 0.0012). When these intraductal papillary mucinous neoplasms were divided simply into high-grade intraductal papillary mucinous neoplasms (borderline neoplasm and higher grades, n ¼ 44) and low-grade intraductal papillary mucinous neoplasms (adenoma, n ¼ 36), CLDN4 mRNA levels were significantly higher in high-grade intraductal papillary mucinous neoplasms than in low-grade intraductal papillary mucinous neoplasms (Figure 3b , Po0.0001).
We then examined whether there was any correlation between papillary subtype and CLDN4 expression in intraductal papillary mucinous neoplasms. After excluding one oncocytic-type and four unclassifiedtype intraductal papillary mucinous neoplasms, the CLDN4 expression levels were compared among the three papillary subtypes (gastric, intestinal, and pancreatobiliary types). The CLDN4 expression levels were significantly higher in intestinal-type intraductal papillary mucinous neoplasms than in the others (Figure 3c , gastric type versus intestinal type; Po0.0001, intestinal type versus pancreatobiliary type; P ¼ 0.0422). There was no difference in CLDN4 mRNA levels between gastric type and pancreatobiliary type. When all intraductal papillary mucinous neoplasms were divided into intestinal type (n ¼ 25) and non-intestinal type (n ¼ 55), CLDN4 mRNA levels were significantly higher in intestinal type than in non-intestinal type (Po0.0001, Figure 4a ). Furthermore, the comparison was confined to the high-grade neoplasms (n ¼ 44), the expression levels of CLDN4 mRNA were significantly higher in high-grade intestinal type (n ¼ 25) than in high-grade non-intestinal type (n ¼ 19) (P ¼ 0.0222, Figure 4b ).
Quantitative Analysis of CLDN4 mRNA Levels Between Invasive Carcinoma Derived from Intraductal Papillary Mucinous Neoplasm and Conventional Pancreatic Ductal Adenocarcinoma
It is interesting to investigate the molecular difference between invasive carcinomas derived from intraductal papillary mucinous neoplasms and conventional pancreatic ductal adenocarcinomas because previous reports have shown a better prognosis in patients with invasive carcinoma derived from intraductal papillary mucinous neoplasm than in those with conventional pancreatic ductal adenocarcinoma. We, therefore, compared CLDN4 mRNA levels between 10 cases with invasive carcinoma derived from intraductal papillary mucinous neoplasm, including 2 cases of colloid type and 8 cases of tubular type, and 8 cases with conventional pancreatic ductal adenocarcinoma. The expression levels of CLDN4 mRNA in conventional pancreatic ductal adenocarcinomas were significantly higher than those in invasive carcinomas derived from intraductal papillary mucinous neoplasms ( Figure 5 , P ¼ 0.0010).
Quantitative Analysis of CLDN4 mRNA Levels in Pancreatic Juice Samples
To test whether quantitative measurement of CLDN4 expression in pancreatic juice could predict the malignant potential of intraductal papillary mucinous neoplasms, we examined CLDN4 mRNA in six pancreatic juice samples preoperatively obtained CLDN4 mRNA expression in intraductal papillary mucinous neoplasms from patients with intraductal papillary mucinous adenoma (n ¼ 3) and invasive carcinoma derived from intraductal papillary mucinous neoplasm (n ¼ 3). The CLDN4 mRNA expression levels were significantly higher in pancreatic juice samples from patients with invasive carcinoma than in those from patients with adenoma ( Figure 6 , P ¼ 0.0495).
Discussion
This is the first report of quantitative analysis of CLDN4 mRNA expression in a large series of intraductal papillary mucinous neoplasms. We found (1) that CLDN4 expression was significantly higher in high-grade intraductal papillary mucinous neoplasms (borderline neoplasm & carcinoma) than in low-grade intraductal papillary mucinous neoplasms (adenoma) (Po0.0001), (2) that CLDN4 mRNA levels were significantly higher in intestinaltype intraductal papillary mucinous neoplasms than in non-intestinal-type intraductal papillary mucinous neoplasms based on papillary subclassification (Po0.0001), (3) that CLDN4 mRNA expression was significantly higher in conventional pancreatic ductal adenocarcinomas than in invasive carcinomas derived from intraductal papillary mucinous neoplasms (P ¼ 0.0010), and (4) that CLDN4 mRNA expression levels were significantly higher in pancreatic juice samples from patients with invasive Figure 2 Representative pictures of macrodissection in formalin-fixed paraffin-embedded tissue samples (left and middle) and the photomicrographs of H and E staining (right). Original magnification: (left and middle) loupe, (right) Â 200. After identification of the distribution of neoplastic cells (indicated by black arrow), only the neoplastic component was selectively isolated as much as possible to obtain a high neoplastic cellularity using an electron microscope.
CLDN4 mRNA expression in intraductal papillary mucinous neoplasms K Tsutsumi et al carcinoma derived from intraductal papillary mucinous neoplasm than in those from patients with intraductal papillary mucinous adenoma (P ¼ 0.0495). These findings suggest that CLDN4 may have an important role in the neoplastic progression of intraductal papillary mucinous neoplasms and represents a novel diagnostic and therapeutic target.
CLDN4 has been identified as overexpressed in pancreatic ductal adenocarcinomas by gene expression profiling. 20, 27 Immunohistochemical analysis revealed overexpression of CLDN4 protein in virtually all primary (99%) and metastatic (100%) pancreatic tissue samples and in 10 out of 11 samples of PanIN, a known precursor lesion to pancreatic ductal adenocarcinoma. 21 Moreover, CLDN4 has been shown to be overexpressed in intraductal papillary mucinous neoplasms as well by gene expression profiling, 14, 28 although the expression analysis was limited within a small number of patients. In the present study, we demonstrated an increase in the CLDN4 mRNA expression along the progression of intraductal papillary mucinous neoplasms. Our results are consistent with a previous immunohistochemical analysis showing a positive correlation between CLDN4 protein expression and histological tumor grades in intraductal papillary mucinous neoplasms. 29 The mechanism underlying the overexpression of CLDN4 in intraductal papillary mucinous neoplasms remains unclear, but a previous study has shown an association between CLDN4 overexpression and gene hypomethylation in pancreatic cancer cells. 26 In the present study, we analyzed the relationship between CLDN4 expression and papillary subtypes of intraductal papillary mucinous neoplasms. Intraductal papillary mucinous neoplasms with different papillary subtypes have distinct histopathological features, clinical behaviors, and mucin profiles, suggesting that they may follow different Figure 3 (a) CLDN4 expression in intraductal papillary mucinous neoplasms according to the histological grade, which consist of adenoma (n ¼ 36), borderline neoplasm (n ¼ 19), CIS (n ¼ 14), and invasive carcinoma (n ¼ 11). The expression levels of CLDN4 mRNA in intraductal papillary mucinous borderline neoplasm (median, 1.85), CIS (median, 2.39), and invasive carcinoma derived from intraductal papillary mucinous neoplasm (median, 2.80) are significantly higher than those in intraductal papillary mucinous adenoma (median, 0.77) (adenoma versus borderline neoplasm; P ¼ 0.0055, adenoma versus CIS; P ¼ 0.0065, adenoma versus invasive carcinoma; P ¼ 0.0012, Wilcoxon rank-sum test). (b) Expression levels of CLDN4 mRNA between high-grade intraductal papillary mucinous neoplasms (n ¼ 44) and low-grade intraductal papillary mucinous neoplasms (n ¼ 36). High-grade intraductal papillary mucinous neoplasms mean borderline neoplasm, CIS and invasive carcinoma, while low-grade intraductal papillary mucinous neoplasms mean adenoma. There is a significant difference of CLDN4 mRNA levels between high-grade intraductal papillary mucinous neoplasms and low-grade intraductal papillary mucinous neoplasms (Po0.0001, Wilcoxon ranksum test). (c) CLDN4 expression in intraductal papillary mucinous neoplasms according to the papillary subtype, which consist of gastric type (n ¼ 45), intestinal type (n ¼ 25), pancreatobiliary type (n ¼ 5). Intestinal type (median, 2.72) shows significantly higher level of CLDN4 mRNA than gastric type (median, 0.81) and pancreatobiliary type (median, 1.67) (gastric type versus intestinal type; Po0.0001, intestinal type versus pancreatobiliary type; P ¼ 0.0422, Wilcoxon rank-sum test). However, there is no difference of CLDN4 mRNA levels between gastric type and pancreatobiliary type.
CLDN4 mRNA expression in intraductal papillary mucinous neoplasms biological pathways. 30 Recently, Sadakari and coworkers 3 have shown that invasive carcinoma derived from the non-intestinal-type intraductal papillary mucinous neoplasm has a poorer prognosis than that derived from the intestinal type. Previous studies have identified markers specific for intestinal-type intraductal papillary mucinous neoplasm, including MUC2, CDX2, and REG4. 31 In the present study, we have identified CLDN4 as a novel marker for intestinal-type intraductal papillary mucinous neoplasm.
Frequent overexpression of CLDN4 in cancer has led to an idea that this molecule could be a target for cancer therapy. In fact, C. perfringens enterotoxin, Figure 4 (a) Expression levels of CLDN4 mRNA between intestinal-type intraductal papillary mucinous neoplasms (n ¼ 25) and non-intestinal-type intraductal papillary mucinous neoplasms (n ¼ 55). Non-intestinal-type intraductal papillary mucinous neoplasms mean the gastric type, pancreatobiliary type, oncocytic type, and unclassified type. In all samples, there is a significant difference of CLDN4 mRNA levels between intestinal type and non-intestinal type (Po0.0001, Wilcoxon rank-sum test). (b) Expression levels of CLDN4 mRNA between high-grade-intestinal-type intraductal papillary mucinous neoplasms (n ¼ 25) and high-grade-non-intestinal-type intraductal papillary mucinous neoplasms (n ¼ 19). In high-grade intraductal papillary mucinous neoplasms, there is also a significant difference of CLDN4 mRNA levels between intestinal type and non-intestinal type (P ¼ 0.0222, Wilcoxon rank-sum test). Figure 5 CLDN4 expression between invasive carcinoma derived from intraductal papillary mucinous neoplasm (n ¼ 10) and conventional pancreatic ductal adenocarcinoma (n ¼ 8). The expression levels of CLDN4 mRNA in conventional pancreatic ductal adenocarcinomas are significantly higher than those in invasive carcinomas derived from intraductal papillary mucinous neoplasm (P ¼ 0.0010, Wilcoxon rank-sum test). Figure 6 CLDN4 expression in pancreatic juice samples between intraductal papillary mucinous adenoma (n ¼ 3) and invasive carcinoma derived from intraductal papillary mucinous neoplasm (n ¼ 3). The CLDN4 mRNA expression levels are significantly higher in pancreatic juice samples from patients with invasive carcinoma derived from intraductal papillary mucinous neoplasm than those from patients with intraductal papillary mucinous adenoma (P ¼ 0.0495, Wilcoxon rank-sum test).
for which CLDN4 is the receptor, has been shown to result in an acute dose-dependent cytotoxic effect in pancreatic cancer xenografts. 18 More recently, a monoclonal antibody against CLDN4 32 and C-terminal fragment of C. perfringens enterotoxin 33 has been demonstrated to have antitumor activity in pancreatic cancer. These findings and our present results suggest that CLDN4 represents a promising therapeutic target for pancreatic ductal adenocarcinomas and intraductal papillary mucinous neoplasms.
Our preliminary data suggests that quantitative analysis of CLDN4 mRNA in the pancreatic juice could be a marker to predict the presence of an associated invasive carcinoma in intraductal papillary mucinous neoplasms. Further investigation in a larger number of pancreatic juice samples is needed to determine the diagnostic role of CLDN4 in patients with intraductal papillary mucinous neoplasms.
In conclusion, our present findings suggest that CLDN4 expression is associated with neoplastic progression of intraductal papillary mucinous neoplasms and, especially, with a distinct pathway to intestinal differentiation.
